Using mass spectrometric analysis insulin receptor substrate 4 (IRS-4) has been identified as a novel adenovirus 5 early region 1A (Ad5E1A)-binding protein. IRS-4 interacts with both the transcriptional activation domain (conserved region 3) and the N-terminal region of Ad5E1A13S. Prolonged expression of Ad5E1A13S is required for the observed dramatic increase in the levels of IRS-4 mRNA and protein in Ad5E1-transformed human cell lines. Once expressed, as well as binding to E1A and the insulin receptor, IRS-4 remains tyrosine phosphorylated and constitutively associates with the regulatory p85 subunit of phosphoinositide 3 kinase, resulting in the phosphorylation of Akt (causing activation) and GSK-3b (causing inhibition). Reducing IRS-4 expression using small interfering RNA (siRNA) in established Ad5E1A-expressing cell lines decreases the activation of Akt and cellular proliferation. During Ad5 infection, IRS-4 is not expressed. However, Ad5E1A associates with IRS-1, increasing Akt and GSK-3b phosphorylation and tyrosine phosphorylation of IRS-1 itself. We conclude that the association and altered regulation of IRS proteins by Ad5E1A contribute to the adenovirus-transformed phenotype and modulates viral infection in an Akt-dependent manner.
Introduction
During viral infection, adenovirus 5 early region 1A (Ad5E1A) is the first protein expressed and regulates the expression of other early region proteins (Gallimore and Turnell, 2001; Berk, 2005) . Together with cooperating oncogenes, such as ras or AdE1B, AdE1A is essential for Ad-mediated transformation of mammalian cells (Endter and Dobner, 2003) . AdE1A is responsible for apoptosis, cell cycle regulation, differentiation and oncogenesis (Bayley and Mymryk, 1994) . Without enzymic activity or DNA-binding capabilities, AdE1A's cellular influences are mediated through direct protein interactions. Two major forms, translated from 12S and 13S mRNAs, are expressed in infected and transformed cells. These proteins are identical except for 46 amino acids (in Ad5) located towards the C-terminus of the larger molecule. Comparison of Ad E1A amino-acid sequences from different serotypes reveals four conserved regions (CR1-4; Avvakumov et al., 2002 Avvakumov et al., , 2004 . These, together with the N-terminal region, are the interaction sites for most AdE1A-binding proteins (Gallimore and Turnell, 2001; Frisch and Mymryk, 2002) . For example, the Rb family of transcriptional corepressors bind to CR1 and CR2, the CBP/p300 family of acetyltransferases bind to the N-terminal region and CR1, whereas CtBP1 and CtBP2 associate with the C-terminal CR4 domain (Whyte et al., 1989; Dyson et al., 1992; Boyd et al., 1993; Eckner et al., 1994; Arany et al., 1995) . CR3, exclusive to the E1A13S protein, binds to proteins involved in transcriptional activation, such as TATA binding protein (TBP), Mediator 23 (Med23) and associated transcription factors (ATFs), various transcription factors and proteasome components (Lee et al., 1991; Green, 1990, 1994; Geisberg et al., 1994 Geisberg et al., , 1995 Boyer et al., 1999; Wang and Berk, 2002; Rasti et al., 2006) .
Currently, knowledge of cellular targets for AdE1A is primarily limited to these transcriptional regulators. However, AdE1A can impinge on insulin signalling, activating the insulin receptor gene (Kim et al., 1995) , while repressing insulin gene transactivation (Stein and Ziff, 1987) .
There are six known members of the insulin receptor substrate family (IRS 1-6) (Taniguchi et al., 2006; White, 2006; Dearth et al., 2007) . Although sequence homology is low, the N-terminal pleckstrin homology and phosphotyrosine-binding domains are conserved. Upon stimulation, the insulin receptor autophosphorylates, interacting with and phosphorylating, tyrosine residues within the IRS C-terminal regions. This facilitates interaction and activation of proteins containing SH2 domains including phosphoinositide 3 kinase (PI3 kinase) and Grb2 (Virkamaki et al., 1999) , leading to the activation of PI3 kinase and mitogen activated protein (MAP) kinase signalling pathways, respectively. PI3 kinase increases PIP 3 (PI 3,4,5 triphosphate), recruiting phosphodependent kinase 1 and Akt (PKB) to the plasma membrane. PDK1 and PDK2 phosphorylate Akt, allowing phosphorylation of downstream signalling proteins, which can result in increased protein synthesis, cellular proliferation and inhibition of apoptosis (Taniguchi et al., 2006; White, 2006) .
Whilst IRS-1 and IRS-2 are expressed in many human tissues, expression of the other family members, particularly IRS-4, is limited (Giovannone et al., 2000; Cai et al., 2003) . Mice null for IRS-1 and IRS-2 exhibit growth retardation and insulin resistance (Araki et al., 1994; Tamemoto et al., 1994; Withers et al., 1998) , whereas IRS-4 knockouts have mild defects in growth, reproduction and glucose homoestasis (Liu et al., 1999; Fantin et al., 2000) . IRS-4 expression increases cellular proliferation (White, 1998; Fantin et al., 1999) , and may be implicated in cellular differentiation (Giovannone et al., 2000; Tseng et al., 2004) . Notably for our study, IRS-4 was first discovered and characterized in Ad5E1HEK293 cells, where it is the predominantly expressed IRS protein (Lavan et al., 1997; Fantin et al., 1998) .
Earlier studies have shown that other viral oncoproteins associate with IRS proteins. The interaction of IRS-1 with SV40 T antigen is critical for SV40-mediated transformation (Zhou-Li et al., 1995) , whereas the T antigen of JC virus facilitates the interaction of IRS-1 with Rad51, attenuating DNA repair (Reiss et al., 2006; Trojanek et al., 2006) . There is, therefore, precedent among the small DNA tumour viruses for an association between AdE1A and IRS family members. Our study originates from the isolation of IRS-4 as a novel Ad5E1A-binding protein. We have shown that AdE1A associates with IRS-1, IRS-2 and IRS-4, activating the Akt signalling pathway in transformed and virally infected cells.
Results

Mass spectrometric analysis
Ad5E1A and associated binding proteins were immunoprecipitated from Ad5E1HEK293 cell lysates. After SDS-polyacrylamide gel electrophoresis (SDS-PAGE), visualized bands were digested with trypsin. Peptides were separated by reverse phase high performance liquid chromatography (HPLC) and analysed by positive electrospray ionisation/mass spectrometry. Proteins were identified by comparing the raw peptide data with a human protein database. Several well-characterized AdE1A-binding proteins were identified, including p300, Rb, p107, p130, CtBP2 and AP2 (data not shown). Additionally, five peptides belonging to IRS-4 were found (Table 1) . To validate this interaction, IRS-4 and Ad5E1A were immunoprecipitated from Ad5E1HEK293 cell lysates, and western blotting was used to identify the reciprocal binding partner (Figure 1 ).
Mapping the IRS-4-binding sites on Ad5E1A
To confirm that Ad5E1A bound directly to IRS-4, [ 35 S]-methionine-labelled IRS-4 was incubated with glutathione-S-transferase (GST)-Ad5E1A fusion proteins and appropriate peptide fragments. Figure 2a shows that IRS-4 bound to Ad5E1A13S, more weakly with Ad5E1A12S, and specifically at the N-terminal (amino acids 1-40) and CR3 regions (amino acids 141-185, present only in the 13S isoform). To map the interaction site of IRS-4 at the N-terminus of Ad5E1A, a panel of GST-Ad5E1A12S point mutants (Rasti et al., 2005) containing alanine or glycine substitutions within the first 30 residues were used. Certain residues within the N-terminal region of E1A are essential for the interaction, with mutation of amino acids H7, I11, T12, A16-L20, L23, I24, V27 and L28 inhibiting binding (Figure 2b ). Analysis of IRS-4's interaction with the CR3 region using GST-CR3 deletion mutants showed that deletion of the central region of CR3 disrupted binding, with D161-168 the most deleterious (Figure 2c ). This sequence is in the central portion of the C 2 H 2 zinc finger in CR3. To examine the generality of the CR3/ IRS-4 interaction, GST-CR3 fusion proteins of different human AdE1A serotypes were tested. Figure 2d shows that IRS-4 bound strongly to Ad5E1A-CR3 (subgroup C virus) weakly to Ad9E1A-CR3 (subgroup D), whereas interactions with Ad4E1A-CR3 (subgroup E), Ad40E1A-CR3 (subgroup F), Ad3E1A-CR3 (subgroup B: 1) and Ad12E1A-CR3 (subgroup A) were barely detected.
The effect of IRS-4 on Ad5E1A CR3-dependent transactivation As IRS-4 binds to Ad5E1A-CR3, we considered it might influence the transcriptional transactivation properties of AdE1A. Using a conventional Gal4 reporter assay, the effect of CR3 tethered to the DNA-binding domain (DBD) of Gal4 on a Gal4 responsive promoter was examined in the presence or absence of IRS-4 (Figures 3a and b ). Constructs encoding a Gal4 responsive luciferase reporter and Gal4DBD or Gal4DBD-CR3 were transfected into H1299 cells together with IRS-4. After 24 h, luciferase reporter activity was measured. Expression of IRS-4 decreased the ability of DBD-CR3 to transactivate the reporter by B70%.
Interaction of AdE1A with IRS-1 and IRS-2 As Ad5E1A binds to IRS-4 (Figure 2a ), we examined its interaction with other IRS family members. Cell lysates from A549 cells were incubated with GST-Ad5E1A12S and GST-Ad5E1A13S proteins. Bound IRS proteins were detected by western blotting. Figure 4 shows that IRS-1 and IRS-2 bind to both GST-Ad5E1A isoforms. caused by the expression of Ad5E1A13S. However, IRS-4's known function suggests that its expression may well contribute to the increased proliferation and apoptotic resistance of transformed cells.
Expression of IRS proteins in
Regulation of IRS-4 expression
Reverse transcriptase-PCR was used to determine whether the regulation of IRS-4 expression by Ad5E1A was at the level of transcription. Ad5E1A and IRS proteins NJ Shimwell et al transformed lines that express IRS-4. Such a reciprocal relationship between IRS-1 and IRS-4 has been reported previously (Tsuruzoe et al., 2001) . Experiments to determine the half-life of IRS-4 in the presence or absence of E1A showed that E1A expression did not have an effect (data not shown). We conclude that the increase in IRS-4 protein expression is because of increased transcription.
IRS signalling pathways in Ad5E1A-expressing cells The effect of IRS-4 expression and its interaction with Ad5E1A and other insulin signalling components was examined. IRS-4 was immunoprecipitated from A549/ Ad5E1A13S-expressing cells. Figure 7a shows that IRS-4 bound constitutively to the p85 regulatory subunit of PI3 kinase, to the b-subunit of the insulin receptor and to Ad5E1A. IRS-4 was phosphorylated on tyrosine residues irrespective of growth conditions and this increased upon insulin stimulation, whereras the b-subunit of the insulin receptor was phosphorylated only when stimulated. In view of these observations, downstream signalling events were examined to determine the impact of Ad5E1A-mediated IRS-4 expression. The effect of IRS-4 expression on Akt and GSK3b phosphorylation was assessed as Akt substrates have roles in cell survival, growth and proliferation. In the absence of IRS-4, levels of p-Akt and p-GSK3b rose only when cells were stimulated with insulin ( Figure 7b ). However, Akt and GSK3b were both phosphorylated irrespectively of insulin concentration in cells stably expressing Ad5E1A13S (and therefore IRS-4; Figure 7b ). As noted above, Ad5E1A12S did not cause the overexpression of IRS-4 nor did it result in constitutive Akt and GSK3 b phosphorylation (Figure 7b ). To confirm that PI3 kinase was involved in the E1A/IRS-mediated regulation of Akt phosphorylation, cells were treated with the PI3 kinase inhibitor, LY294002. Inhibition of Akt phosphorylation after insulin stimulation in A549 and A549 þ Ad5E1A12S cells was observed (Figure 7c ). LY294002 also inhibited the constitutive phosphorylation of Akt seen in A549/ Ad5E1A13S/IRS-4-expressing cells, irrespective of insulin levels (Figure 7c ). We conclude that PI3 kinase is required for stimulation of the Akt signalling pathway by IRS-4. A comparison of Ad5E1 and Ad12E1-transformed cell lines shows (Figure 7d ) that constitutive phosphorylation of Akt is seen only in the Ad5E1A/ IRS-4-expressing cells. 
Akt activation during viral infection
Infection with Ad5wt virus increased p-Akt and downstream p-GSK3b levels, but IRS-4 was not upregulated during infection (Figure 8a) . Immunoprecipitation of IRS-1 in infected cells showed increased levels of tyrosine phosphorylation and an interaction with Ad5E1A ( Figure 8b ). Feasibly, an interaction of Ad5E1A with IRS-1 could be responsible for its tyrosine phosphorylation and subsequent activation of PI3 kinase, leading to the phosphorylation of Akt.
Downstream effects of Ad5E1A and IRS-4 expression on Akt and MAP kinase signalling A constitutive association of IRS-4 with both PI3 kinase and Grb2 has been described previously (Fantin et al., 1998) . To examine the downstream effects of Ad5E1A and IRS-4 on PI3 and MAP kinase signalling, the 'Phospho-MAPK Proteome Profiler Array' (R and D Systems, Minneapolis, MN, USA) was used to measure the relative phosphorylation of particular kinases. Compared to A549 control cells, A549s infected with Ad5 and cell lines expressing Ad5E1A13S and IRS-4 (A549/Ad5E1A13S and Ad5E1HEK293) had significantly increased phosphorylation of p-Akt and p-GSK3a/b. The A549/Ad5E1A13S cell line had comparably higher levels of p-GSK3b, HSP27 and p70S6 kinase, whereas both IRS-4/E1A-expressing cell lines had significantly decreased the levels of p-ERK (Figure 9 ).
Biological implications of IRS-4 expression in Ad5E1-transformed cells
To examine the biological effect of IRS-4 in Ad5E1A13S-expressing cells, its level was reduced using small interfering RNA (siRNA; by 82 and 54% for Ad5E1HEK293 and A549/Ad5E1A13S cells, respectively). Knockdown of IRS-4 resulted in a corresponding decrease in the phosphorylation of Akt in both cell lines (Figures 10a and 11a) . Proliferation assays comparing Ad5E1HEK293 cells transfected with IRS-4 Ad5E1A and IRS proteins NJ Shimwell et al or control siRNAs showed that a decrease in IRS-4 protein lead to a significant decrease in proliferation and cell number over 72 h, measured using AlamarBlue reagent (Serotec Kidlington, Oxon, UK) (Figures 10b  and c) . Furthermore, reduction of IRS-4 expression in Ad5E1HEK293 cells resulted in a decrease in the phosphorylation of Akt 1, Akt 2, Akt 3, GSK3b as well as p38g and HSP27 (Figure 10d ). Knockdown of IRS-4 in A549/Ad5E1A13S cells caused similar changes in the phosphorylation of Akt proteins, a reduction in phosphorylation of p38a, and an increase in levels of p-ERK 1 and p-ERK 2 (Figure 11b) . Figure 9 . Phosphorylated kinases were detected by chemiluminescence and responses quantitated by densitometry allowing the pixel density to be plotted. Error bars are the s.d. of results from three independent experiments. Ad5E1A, adenovirus 5 early region 1A; IRS, insulin receptor substrate; siRNA, small interfering RNA.
Ad5E1A and IRS proteins NJ Shimwell et al
Discussion
The association of AdE1A with transcriptional regulators is responsible for the majority of phenotypic changes caused by transformation or viral infection. However, it is not unreasonable that AdE1A could also affect cellular signalling pathways. Our immunoprecipitation experiments and mass spectrometric analysis identified IRS-4 as a novel E1A-binding protein in Ad5E1HEK293 cells. This interaction is mediated through CR3 and the N-terminal region of Ad5E1A (Figure 2a ). Mutational analysis showed that the substitution of Ad5E1A residues 11, 12, 16-20, 23, 24, 27 and 28 markedly decreased the interaction of IRS-4 with the N-terminal region of Ad5E1A12S (Figure 2b ). None of these substitutions are predicted to disrupt the a-helical structure of the N-terminal region (Rasti et al., 2005) ; therefore, inhibition is probably because of the loss of specific side-chain recognition motifs required for optimal binding. In earlier analyses, similar effects were observed (Rasti et al., 2005; Bruton et al., 2007) . For example, mutation of I11 and T12 caused a marked decrease in binding to p300/CBP associated factor (PCAF), hGCN5, S4, S8 and TBP (Rasti et al., 2005) , as it does for IRS-4. Similarly, substitution of residues 16 (alanine), 18 (serine), 19 and 20 (both leucines) decreased the interaction with CBP/p300, PCAF and hGCN5 as with IRS-4 (Figure 2b) . Overall, the pattern of N-terminal mutants that fail to bind to IRS-4 is similar to that observed in PCAF, CBP/p300 and to a lesser extent in hGCN5 and S4/S8 (Rasti et al., 2005) . Mutational analysis of the CR3 region showed that deleting the central region, particularly amino acids 161-168, appreciably decreased the binding to IRS-4 (Figure 2c ). This sequence includes a part of the CR3 zinc finger, but its maintenance is probably unnecessary for IRS-4 interaction, as deletion of the N-terminal zincbinding residues (in the 139-160 deletion) has limited effect on IRS-4/CR3 binding. Two of the residues (T164 and G165) in the suggested binding site for IRS-4 are highly conserved between AdE1As from different viral serotypes (Avvakumov et al., 2004) . Furthermore, IRS-4 inhibited the transactivation properties of CR3 (Figure 3 ). This is irrelevant during viral infection when the CR3-dependent activity of AdE1A is most apparent, as primary epithelial cells express little or no IRS-4. In Ad5E1-transformed human cells, inhibition of CR3 function by IRS-4 would be offset by the increase in proliferation provided by IRS-4 expression. Although IRS-4 expression is almost certainly attributable to the prolonged action of Ad5E1A13S, the mechanism for this is unclear. Stable Ad5E1A13S expression increases IRS-4 transcription (Figure 6 (Figure 7d and Supplementary Figure 1) , indicating IRS-4 regulation by E1A is Ad serotype and host specific. Ad5E1A can interact with Sp-1 transcription factors (Liu and Green, 1994) and also mediate the activation of insulin receptor gene through Sp-1-binding sites (Kim et al., 1995) . Several genes are regulated by Sp-1-binding sites including the IRS-1, EGF and insulin receptor genes (Araki et al., 1995) , although it is not known whether IRS-4 gene expression is regulated in a similar way.
Insulin receptor substrate 4 expression, in conjunction with Ad5E1A13S transformation, constitutively activates the PI3 kinase signalling pathway causing Akt phosphorylation (Figures 7b and c) . This is probably attributable to the constitutive interaction of IRS-4 with the p85 subunit of PI3 kinase, facilitated by residual tyrosine phosphorylation of IRS-4 (Figure 7a ). Thus, IRS-4 associates with p85 and Ad5E1A13S, even in the absence of insulin stimulation (Figure 7a and Fantin et al., 1998) . Activation of PI3 kinase elevates PIP 3 levels, recruiting Akt to the plasma membrane to allow its phosphorylation. Downstream Akt substrates have proliferative and antiapoptotic effects. For example, Akt phosphorylates and inhibits GSK-3b, preventing phosphorylation and degradation of cyclin D1. Akt also phosphorylates and inhibits proapoptotic proteins Bad and caspase 9. The constitutive activation of PI3 kinase/Akt signalling by IRS-4 may increase the growth potential and viability of Ad5-transformed cells. This is supported by the IRS-4 knockdown experiments. Following transfection of IRS-4 siRNA and reduction of IRS-4 expression in Ad5E1HEK293 and A549Ad5E1A13S cells, there was a corresponding decrease in Akt phosphorylation ( Figures  10a and 11a) . IRS-4 knockdown in Ad5E1HEK293 cells also decreased the growth rate and proliferation (Figures 10b and c) , implying that IRS-4 enhances growth/proliferation of Ad5E1-transformed human cells. Cell growth is similarly decreased in HepG2 cells when IRS-4 expression is decreased using siRNA (Cuevas et al., 2007) . Phosphorylation levels of ERK 1 and ERK 2 were lower in A549Ad5E1A13S cells, and barely detected in Ad5E1HEK293 cells (Figure 9 ). Stable E1A expression has been shown to decrease the level of p-ERK, and to alter their localization through increased expression of PEA15, which binds and exports activated ERK from the nucleus to the cytoplasm (Bartholomeusz et al., 2006) . The phosphorylation of ERK increases following IRS-4 knockdown in the A549Ad5E1A13S cells (Figure 11b ) to similar levels seen in the control A549 cells (Figure 9 ), suggesting, in this cell line at least, that IRS-4 may negatively regulate ERK phosphorylation. DOK-3, a related member of the IRS/DOK family has, similarly to IRS-4, been shown to bind Grb2. In doing so, DOK-3 inhibits the Grb2/Ras/ ERK pathway (Honma et al., 2006) . Potentially, IRS-4 functions in a similar manner. Knockdown of IRS-4 is sufficient to decrease p-GSK3b levels in Ad5E1HEK293 cells (Figure 10d ), but not in the A549Ad5E1A13S cell line (Figure 11b ). The poorer knockdown of IRS-4 in the A549/Ad5E1A13S cell line may explain why the phosphorylation of downstream effectors of Akt, such as GSK3b, are not decreased, that is, there is sufficient IRS-4 to maintain Akt activation. Akt is also activated during Ad5 infection without IRS-4 expression ( Figures  8a and 9) , and increased activation of ERK was seen (Figure 9 ). During infection, Ad5E1A associates with IRS-1, which exhibits raised levels of tyrosine phosphorylation, compared with mock-infected cells (Figure 8b) . Activation of IRS-1 during infection would be expected to recruit PI3 kinase, leading to the activation of Akt and subsequent prosurvival signals. Potentially, this is another mechanism by which proapoptotic signals in response to viral infection are inhibited. Notably, the activation of ERK and the PI3 kinase-mediated activation of Akt have been reported previously in Ad5-infected cells (Flaherty et al., 2004) . Our investigation has focused on the relationship between AdE1A and IRS-4, but we have also shown an association of Ad5E1A with IRS-1 and IRS-2 (Figure 4) . Notably, IRS-1 expression appears to be inversely related to IRS-4 in Ad5E1A-transformed cells (Figure 6 and Supplementary Figure 1) . This may be because of IRS-4 stimulation of the PI3 kinase pathway activating S6 kinase and mammalian target of rapamycin complex 1 (mTORC1) (Manning and Cantley, 2007) , which phosphorylate IRS-1 on serine residues, thereby targeting its degradation.
Another viral oncoprotein, SV40T antigen, interacts directly with IRS-1 (Fei et al., 1995) relocalizing it to the nucleus. Transformation by SV40T requires IRS-1 to be phosphorylated on tyrosine residues to allow the activation of PI3 kinase, such that the absence or inactivation of IRS-1 renders cells refractory to transformation (DeAngelis et al., 2006) . Whether there is a requirement for IRS-1 for Ad-mediated transformation is not clear at present, but the similarities between AdE1A and SV40T in relation to IRS proteins are apparent. The JC virus large T antigen also interacts with IRS-1, and translocates it to the nucleus where it binds Rad51 and inhibits DNA repair (Reiss et al., 2006; Trojanek et al., 2003 Trojanek et al., , 2006 .
The Ad5E1A13S-mediated increase in IRS-4 expression may explain earlier observations of the growth factor requirements of AdE1-transformed cells, that is, the proliferation of Ad5E1-transformed cells is relatively unaffected by removal of extrinsic growth factors, such as insulin and IGF-1, whereas Ad12E1-transformed cells show a marked decrease in their proliferation (Kelekar and Cole, 1987; Timmers et al., 1988) . Our results indicate that this is because of increased expression of IRS-4 in Ad5E1A13S expressing cells, which is able to associate with PI3 kinase and activate Akt, even in serum-starved conditions (Figures 7a-c) . IRS-4 has previously been shown to increase proliferation in non-stimulated cells (Qu et al., 1999) . The deregulation of PI3 kinase and Akt signalling plays a major part in cellular transformation and cancer progression (Dillon et al., 2007) . Although mRNA is limited to only a few normal human cell types, increased levels have been detected in some carcinoma cells, including HEP-2 and A431 cells, whereas IRS-4 protein has been found to be endogenously expressed in A431 and MDA-MB 231 tumour cells (Qiu et al., 2005) , indicating that the deregulation of this gene in the absence of Ad5E1A might play an important role in tumourigenesis.
In summary, Ad5E1A is associated with IRS-1, IRS-2 and IRS-4. Increased IRS-4 expression in Ad5E1 transformed human cells is attributable to prolonged, stable expression of Ad5E1A13S and causes increased proliferation. Additionally, it appears that the formation of a complex involving the insulin receptor, IRS-4, Ad5E1A13S and p85 results in constitutive activation of the PI3 kinase/Akt signalling pathway. Akt is also activated during Ad5 viral infection, during which Ad5E1A associates with IRS-1, which itself shows increased levels of tyrosine phosphorylation necessary for the activation of PI3 kinase and Akt. It appears that the association of Ad5E1A with IRS proteins during viral infection and transformation is a mechanism through which the prosurvival/antiapoptotic functions of Akt can be exploited.
Materials and methods
Cell lines
Ad5E1HEK293 and Ad5E1HER911 cells are human embryo kidney and human embryo retinoblasts transformed with Ad5E1 DNA. Ad12E1HER2 and Ad12E1HER10 are human embryo retinoblasts transformed with Ad12E1 DNA. A549 cells are small cell lung carcinoma cells. A549 cell lines stably expressing Ad5E1A13S or Ad5E1A12S have been established (Rasti et al., 2005) . Ad12E1 HLBRK cells are baby rat kidney cells transformed with Ad12E1 DNA. Ad12E1BRK6f10 and 6f13 are rat cells transformed with Ad12E1, but with a mutation in AdE1A. Ad5E1AB rat cell lines are transformed with Ad5E1-expressing wild-type or mutant Ad5E1B55K protein. HT29 and HCT116 are human colorectal carcinoma cell lines, and H1299 cells are derived from a human non-small cell lung carcinoma. C33A and HeLa cells are derived from human cervical carcinomas and MCF7 cells are from a human mammary gland adenocarcinoma. For Ad5 infection, A549 cells were infected at 20 p.f.u./cell. Cells were grown in Dulbecco's modified eagle's medium supplemented with 8% foetal calf serum (FCS) except for MCF7 and HeLa cells, which were grown in RPMI supplemented with 8% FCS.
Mass spectrometry
Ad5E1HEK293 cell lysates were immunoprecipitated with Ad5E1A antibody (M58) or control mouse immunoglobulin G. Immunoprecipitated proteins were separated by SDS-PAGE and stained with colloidal Coomassie Blue. Protein bands were excised and tryptic peptides were produced (Ward et al., 2006) . Peptides were analysed using an LCQ DECA XP Plus ion trap (Thermo Fisher Scientific, Waltham, MA, USA). Mass spectrometry/mass spectrometry raw data were searched against a non-redundant human protein database using TurboSEQUEST, as part of the BioworksBrowser 3.1 software suite. Peptides with cross-correlation scores below 1.5, 2.0 and 2.5 for singly, doubly and triply charged peptides were excluded.
Proteins identified in the Ad5E1A and control immunoprecipitates were compared and any present in both were ignored.
GST pull-down assays GST fusion proteins were purified using glutathione agarose (Sigma, St Louis, MO, USA) after expression in Escherichia coli. (Barral et al., 2005; Rasti et al., 2005) . GST fusion proteins (20 mg) were incubated with [ 35 S]-methionine labelled IRS-4 (prepared using the TNT in vitro transcription translation kit (Promega, Madison, WI, USA)). Bound protein complexes were isolated using glutathione agarose and eluted with 25 mM glutathione (pH 8.1). After SDS-PAGE, interacting proteins were identified by fluorography and autoradiography.
Semiquantitative reverse transcriptase PCR Total RNA was extracted from cell lysates using the RNeasybPlus Mini kit (Qiagen, Valencia, CA, USA). mRNA expression analysis of individual genes was performed using reagents supplied by Superarray Bioscience Corporation (Frederick, MD, USA) and followed their RT2 real-time and RT2 end-point reverse transcriptase PCR assays manual. The ReactionReady First Strand cDNA Synthesis Kit (SuperArray Bioscience Corporation, Frederick, MD, USA) used reverse transcriptase to produce cDNA from the purified genomic RNA. The cDNA produced was used as the template for PCR assays using RT2 PCR Primer Sets for specific genes, designed by (SuperArray Bioscience Corporation). Reaction mixtures were then fractionated using a 2% agarose gel containing 0.5 mg/ml ethidium bromide. The PCR products were found to be of the expected molecular weights.
Gal 4 reporter assays H1299 cells were transfected with 1 mg of the Gal4 responsive luciferase reporter together with either Gal4-DBD (100 ng) or Gal4-DBD-Ad5CR3 (100 ng) and IRS-4 cDNA (2 mg). DNALipofectamine complexes were incubated with cells according to the manufacturer's instruction (Invitrogen). At 24-h posttransfection, cells were lysed and luciferase activity was measured using an appropriate kit (Promega).
Reduction of IRS-4 expression using siRNAs A549Ad5E1A13S cells and Ad5E1HEK293 cells were transfected for 24/48/72 h with specific IRS-4, or scrambled (negative control) siRNAs (Ambion, Austin, TX, USA) using siPORT NeoFX transfection reagent (Ambion).
Analytical methods SDS-polyacrylamide gel electrophoresis was performed using 11% acrylamide gels, in 0.1 M Bicine, 0.1 M Tris pH8.3 or NOVEX 4-20% Tris-Glycine pre-cast gels (Invitrogen). For western blotting, proteins were electrophoretically transferred after SDS-PAGE to nitrocellulose membranes. These were incubated in appropriate antibodies, and antigens were visualized using enhanced chemiluminescence (GE Healthcare, Little Chalfort, UK).
AlamarBlue proliferation assay
AlamarBlue reduction assay (AbD Serotec, Kidlington, Oxon, UK) was used to evaluate cell proliferation. The percentage reduction of AlamarBlue is a measure of proliferation and metabolic activity. Ad5E1HEK293 cells were grown in 96-well plates and transfected with IRS-4 siRNA or control siRNA. AlamarBlue dye (Serotec) was added to cells after 24, 48 and 72 h, and incubated for 6 h to allow colour development after which the fluorescence (excitation/emission 560/590 nm) was measured.
Phospho-MAPK proteome profiler array (R and D systems)
Lysates from A549 control cells, A549 cells infected with Ad5, A549 cells expressing Ad5E1A13S and Ad5E1HEK293 cells were prepared according to the manufacturer's instructions and incubated with membranes containing kinase-specific antibodies. These were developed using the reagents provided, and the relative phosphorylation of kinases was determined. Densitometry data were obtained from enhanced chemiluminescence films where exposure was low, and therefore in the linear range.
Antibodies IRS-1, IRS-4 and PI3 kinase p85 subunit antibodies were obtained from Millipore (Billerica, MA, USA). IRS-2 was detected with a rabbit polyclonal antibody from Calbiochem. Akt, phospho-pan Akt (Ser 472/473/474), GSK3b, phosphoGSK3b (Ser9), insulin receptor-b, and phosphotyrosinespecific antibodies were obtained from Cell Signalling. Ad5E1A was detected with the M58 monoclonal antibody (BD Biosciences, Pharmingen, San Diego, CA, USA).
